Metabolic dynamics in the unicellular diazotrophic cyanobacterium Cyanothece sp. PCC 7822 across a 12 hour

light-12 hour dark cycle under nitrogen fixing conditions

David Welkie', Xiaohui Zhang', Meng Lye Markille?, Ronald Taylor?, Galya Orr?, Jon Jacobs?, Ketaki Bhide3, Jyothi Thimmapuram?, Marina Gritsenko, Hugh Mitchell?, Richard D. Smith and Louis A. Sherman?
'Department of Biological Sciences, Purdue University, West Lafayette, IN, 2Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA 3Bioinformatics Core, Discovery
Park, Purdue University, West Lafayette, IN

Background Central Metabolism Protein and mRNA Dynamics Expression of genes on extrachromosomal
| | | | nifZ HCS hypo SATase nifB 4Fe-4S nifS nifU nifH  nifD  nifK  nifE  nifN hypo nifX hypo hypo nifW pl asm|ds and pathways relevant to for
Cyano_thece Sp. PCC 7822 is an _exceller_\t_ f:yanobacte_rlal model organism with great Nitrogenase expression t h h | d t
potential for biotechnology applications. Utilizing transcriptomic and proteomic methods, occurs strictly during late genel’a |ng IQ -vaiue PrO UCts
we quantified the relationships between transcription and translation underlying central /600 0D3L0Ls DOD3LOLS DODSLOLS DODILOLS DODLOLS DOD3LOLY DODILOLS DODLOLS DODSLOLS DODALOLS DOD3LOL3 light/early dark |
and secondary metabolism in response to nitrogen free conditions across a 24 hour o 1300 SIS - Al e gya':"thﬁce Sp. PC? 7|822 _Zastt:e 'alfgeSt genome (Sh_owrl‘ be'X‘I’IV) ]?I;he Cl;a”_"thece strains a”ddhzs
: . o , 8 41000 S F o £ genes in the nif cluster extrachromosomal plasmids, three linear and three circular. of these strains were sequenced by
period consisting of 12 hour light and 12 hour dark. g 210 S show in-phase mRNA and JGI and the results are summarized in Bandyopadhyay A, et al. (2011). Mbio 2(5).
early light late light early dark late dark z ' ' - I O protein expression dynamics
L3 DO m < 5 -
Z 4 - — * No protein detected in analysis
mANA LO L3D0 D3 protein 2 4
extracted Q?O O @g extracted % :
\ ‘; @ / gJD 2 - DOD3LOL3 DOD3LOL3 DOD3LOL3 DOD3LOL3 DOD3LOL3 DOD3LOL3 DOD3LOL3 DOD3LOL3 DOD3LOL3 pOD3LOL3 DOD3LO L3_
c c
, , , T : , : 5 ‘g g Genomic Element 6AMb 879kb 473 kb 291kb 47kb 43 kb 13 kb
qualF/::}; control  rna fractionation trypsin digestion and isobaric labeling & § (1) r— | - [ — ikl Proteins Expressed 1036 53 7 1 3 1 1
] === ASc0C ASpRs niz a8 nifS  nf nifd D nifik  nifE nifN nifX nifw Total Genes on Element 5663 595 422 280 32 36 13
cDNA generation  adaptor binding iTRAQ labeled peptides combined o % Genes Expressed 18 9 1.5 0.5 9 3 75
—— e — P ——— Pentose Phosphate Pathway / CO, Fixation
- —— — & 1% ] . . . . - .
SOLID Sequencing and map reads to @@ @? v 1 £ 1%(8) . — — Metabolic Pathways Differential transcriotion Cyanothece 7822 has the potential to produce various biofuels like terpinoids,
leletence/genome 5 6 across time points vgried alcohols, and fatty acids
Pent )
Separation and fractionation LC-MS/MS § ; - Pﬁgsopsheate ranging fro rr? modest to Acetyl-CoA pryuvate |
Thermo Scientific LTQ-Orbitrap VeloS < 3 - Pathway Cyanothece 7822 has two potential pathways for producing
Z 5 N - extreme changes between . .
T 1 . - - Glycogen time points phaA cimA butanol. Peak protein expression for both branches occurs
‘A”MJ\A . 0 = = = =L e = Metabolism t VLCOA ’ it predominantly during the light phase. PhaA and CimA display
A c o o - S acetoacetyl-.o cltramalate out of sync peak mRNA and protein expression.
Peptide fractionation, ID, + quantification 58 251 This differed from changes in phab feus l feuC 0 PhaB " CimA
a D 0 - ! - ' ! ! ' ! ! . ' ! TCA Cycl . : 90 =
E I L3 DOD3 (é) s 2 115 2 rpiA rpe pgl tktA gnd tal1 zwf tal2 rbcX rbcS rbel (C/N)Sytc(:)reage protein abunda.ncesz which 2-ketobutyrate oA :138 B mRNA
e LO Q) > I %114117118 Glycogen Metabolism changed very little in most ort 3 S i 1.5 - A
A B C <7 = € & 24 > , cases. PHB 5 ]| L
< 20 - Il Vs Vs VS VS| Crotonyl-CoA 2-ketovalerate 2 1] —— |
Late Light Early Dark et 6 - _ 1 ) ! ivd $ 0; v 0.5 - T Protein
5 ] 0 - . *ter *kiv 5
Early Light Late Dark ~ We quantitatively measured a total of 6766 mRNAs § 3 example In some instances, changes l 0 ] } 0 I~
and 1 _322 proteins at four time points across a 24 Z o - I - P - I Relative fold at the transcriptional level had butanal Late Early Late Early Late Early Late Early
hour light-dark cycle. = 8 ) m n | | ] j m B - change (FC) little to do with the abundance light dark dark light light dark dark light
& N VAIlES at Iour of the proteins * . . . .
s g 2 tlmehpomts for butanol butanol This is a good example of how important dual transcriptomics
- < 1 N eacn gene .. . . .
_ L _ _ S and proteomic investigations are to fully understanding a
Prior to the transition into thg light _and dark periods, we a D 5 - | | —|, . | | | | _I —| Crt = 3-hydroxybutyryl dehydrogenase given cyanobacterial strains metabolism.
see the highest number of differentially expressed genes - malQl  glgC  gigP1  gigP2  pgm  glgA1  gigB  glgA2 malQ2 glk/xyIR Ter = trans-2-enoyl-CoA reductase
consistent with the understanding that the cell needs to Glycolysis / Gluconeogenesis
substantially adjust its enzymatic repertoire to meet the 2'5 5 I
S5 different needs during the light and dark periods. S 0= = n o = COI‘ICl usions
© _
# of genes significantly up (>2 FC) (bold) and down :r? g TH . . ated t Hot hesi o ot 4 h
(parentheses) regulated (<0.5_FC) (p-vlaue >0.05) > 5 — N N M . e expression O genes related 10 pnotosyntnesis, nitrogen fixation, and carpon
£ . mi = olin | u ] =y storage, were typically up-regulated late in the preceding light or dark period,
_ B 15 — — - correlating with the fact that nitrogenase was active in the late light period.
c € 1 _ - ~ )
Transcription of important metabolic functions typically began in a light period prior to their maximum *36 )5 IT{ 1_ Wﬂﬂ —[:r —i :I: ﬂ -
expression. Interestingly, initiation of transcription of genes encoding some key metabolic functions is not - B 1 bgk ok el oo a2 o o2 Bo bg | gal  gm2 o oh * In glycolysis, transcriptional expression levels had little to do with the abundance of
restricted to the light or to the dark exclusively. IricarsoxeyiieAdid Cycle £ Cyanophyein  Folvhyeroxybutyrate Metabolism the proteins at various times throughout the diurnal cycle. In the pentose phosphate
Snapshot of major cellular processes across time o N pathway, the mRNA changes are far more striking than those of the proteins. This
_ | 5 1 = i = This diff  the abund pathway is used in both the light and the dark and, although the transcripts of many
Calvin Cycle . ° <@ O ; 'S ditrerence In - the abundance proteins were most abundant in the dark, the protein levels remained high
ycogen ——7— Pontose 2 ) changes of mRNA and protein p ,
® @ T @ . " ;A - L<L g : — — suggests that post_translational thrOUQhOUt mUCh (0) the 24h penOd
HCCOC;_ ribose 3-PGA —» Glucose E4P [r”gtgggﬁlgr%] % 8:1—1—\ I i = E_l .ﬁ' .regl”atory n!eChanismS play an . o . . - . .
. l Cys Gly Met @ important role in Cyanothece 7822 * Interestingly, transcription of proteins also used for CO, fixation was highest in the
Carbon Fixation o chorismate $ $8 N late dark, thus preparing the cells for the onset of light-driven photosynthesis. The
metaboliy o ]@> £33 o !'] . . :]_ . , . . , i]_ | | TCA cycle followed a similar pattern, although the proteins seemed to be at slightly
- o acn idc s um ci s suc c a a a C . . :
@  Pyruvate A = oo MR s G el edhssueG  ophA - phalt - phaB - phat b higher abundance in the light.
Fatty Acid/ <, i ®
HA — o : : :
Carboxysomes Acetyl-CoA t Respiration| *% « Glycogen/starch metabolism is also represented by a number of different
@) . . . .
ATP hv NADE F NADPH ? . . _ o _ _ _ _ N relationships where the proteins remained more stable than the mRNA levels would
NADPH 0w —" s This experiment also allows the investigation of differential expression of multi-copy gene families have indicated.
e- @ oS <ATP .
1 ADP * . "' 1 1 1 I . . [ . [ [ . [ [ . [
oyt I\ & succinate * . ./ /" - PsbA1 4 PsbA4 ' dPSblf‘ isoforms were difterentially expressed across the light and the | | This jnvestigation of concurrent transcriptional and translational activity within
11k 4 . . ar . . . . . . .
5 il {%@}CO_MWS ) -‘ : . Cyanothece Sp. PC_C 7822 prowdgs qu_e_mtlt_atlve mformat.lon of metabolic pathways
& H! & — o . PsbA1, was upregulated in the late dark/early light with mRNA levels | | relevant t(_) engineering effqrts. T.he |der_1t|f|ca_t|on of expression pa’sterns for both m.RNA
Photosynthesis ETC A % 15 ° mRNA ~5-6X higher than all others at all time points. and protein provides a basis for improving biofuel production in this strain generating a
MajorityofGenes_irlPathweLy Expressed in Light|MajorityofGenes_irLPathwz:y Expressed in Dark 5 ' 4T improved metabolic model. ExpreSSion anaIySiS of the genes encoded on the 6
**No dotted arrow indicates that protein o —— 3 - PsbA4 was upregulated in the late light period with peak : : Qi : : it :
mRNA protein mRNA protein . at prote 3 lasmids provided insight into the possible acquisition and maintenance of some of
and mRINA expression dynamics similar 2 - , L /\ protein abundance during the dark period, suggesting that this fhese extrg-chromosorr?al clements P d
0.5 Protein gene encodes the sentinel D1 protein. '
= « Other multi-copy genes were similarly expressed during different Funding in part through:

U.S. DEPARTMENT OF

ENERGY

0 -
Late Early Late Early Late Early Late Early time points.

0 .
_— light dark dark light light dark dark light
UNIVERSITY




